Archerfish are famous for spitting jets of water to capture terrestrial insects, a task that not only requires oral dexterity, but also the ability to detect small camouflaged prey against a visually complex background of overhanging foliage. Because detection of olfactory, auditory and tactile cues is diminished at air-water interfaces, archerfish must depend almost entirely on visual cues to mediate their sensory interactions with the aerial world. During spitting, their eyes remain below the water's surface and must adapt to the optical demands of both aquatic and aerial fields of view. These challenges suggest that archerfish eyes may be specially adapted to life at the interface between air and water. Using microspectrophotometry to characterize the spectral absorbance of photoreceptors, we find that archerfish have differentially tuned their rods and cones across their retina, correlated with spectral differences in aquatic and aerial fields of view. Spatial resolving power also differs for aquatic and aerial fields of view with maximum visual resolution (6.9 cycles per degree) aligned with their preferred spitting angle. These measurements provide insight into the functional significance of intraretinal variability in archerfish and infer intraretinal variability may be expected among surface fishes or vertebrates where different fields of view vary markedly.
INTRODUCTION
Visual ecology is the study of how visual systems have adapted to their visual tasks and light environments. In aquatic systems, light environments are heavily dependent on the optical properties of water and suspended particulate matter therein, which greatly affect the distance over which vision may be useful and alter the transmission of light at different wavelengths. When fishes from different habitats are compared, there is a general correlation between the spectral position of their cone pigments and the background spectral environment, with the correlation being strongest for double cones (Bowmaker et al. 1994; Lythgoe et al. 1994; McDonald & Hawryshyn 1995; Cummings & Partridge 2001) . The adaptive value of spectral tuning has been further supported by examples where visual pigments change within a single species as they move between habitats (Carlisle & Denton 1959; Wood et al. 1992; Shand 1993; Loew et al. 2002; Temple et al. 2008b) . But what about eyes that simultaneously look at two different spectral environments?
It has been observed in some fishes Bridges 1982; Burkhardt et al. 1983; Takechi & Kawamura 2005; Temple et al. 2006) , amphibians (Reuter et al. 1971) , lizards (Bowmaker et al. 2005) , birds (Bowmaker 1977; Hart et al. 2006 ) and mammals (Ferree & Rand 1919; Szel et al. 1992; Rö hlich et al. 1994; Panorgias et al. 2009 ) that different parts of the retina employ different visual pigments or proportions thereof, or spectral filters that differentially tune spectral sensitivity. This poorly understood phenomenon-which we will hereafter refer to as 'intraretinal differential spectral tuning' a form of intraretinal variability-is potentially a powerful tool for explaining the role of specific sets of visual pigments within an animal eye. However, explaining the functional significance of different sets of visual pigments within any eye has proved challenging because we often know too little about the visual tasks and selective pressures that drive eye evolution. This is exemplified by our own eyes, in which proportions of the three cone types (red, green and blue) in the retina differ with eccentricity for which there, is as yet, no clear explanation (Ferree & Rand 1919; Szel et al. 1996; Mullen & Kingdom 2002) . We demonstrate that archerfish also employ intraretinal differential spectral tuning, and we propose a model to explain the spectral position of the visual pigments in different parts of the eye by correlating the spectral sensitivity with the visual tasks associated with each visual axis.
The hunting tactic of archerfish (family Toxotidae), which spit jets of water to knock terrestrial prey down to the water's surface, was first brought to the attention of Western science nearly 250 years ago in Philosophical Transactions of the Royal Society London (Schlosser 1764) . Since then research on archerfish has focused on the biomechanics of spitting (Myers 1952; Lü ling 1958; Milburn et al. 1976; Elshoud & Koomen 1985) , and spitting accuracy (Herald 1956; Bekoff & Dorr 1976; Timmermans 2000 Timmermans , 2001 , particularly in light of the distortions that occur at the air -water interface owing to refraction (Dill 1977; Barta & Horvath 2003; Schuster et al. 2004; Temple 2007) . Recently, archerfish have become a model for investigating learning (Timmermans & Vossen 2000; Schuster et al. 2004 Schuster et al. , 2006 , as well as neural coding and circuitry in the visual system (Segev et al. 2007 ). Yet, surprisingly little is known about archerfish basic biology Simon et al. , 2009 ) let alone their vision (Lü ling 1956 (Lü ling , 1958 Braekevelt 1985a,b; Plotkin et al. 2008) , which is central to foraging and predator evasion both above and below the water's surface. We report on two basic parameters of archerfish vision; visual pigments and spatial resolving power, which were found to be tuned to life at the interface between air and water with specializations for spitting at targets above the water's surface.
MATERIAL AND METHODS

(a) Microspectrophotometry
Ten wild-caught large-scale archerfish (Toxotes chatareus Hamilton 1822) were obtained from a local supplier. Total length ranged from 5.5 to 10 cm. Fish were adapted to dark for at least 1 h prior to being killed with an overdose euganol (100 mg l 21 ), followed by cervical transection under dim red light. Preparation of retinal tissue for microspectrophotometry (MSP) has been described in detail elsewhere (Hart 2004) . Retinal samples (1 -2 mm 2 ) were taken from several locations around the retina (central; dorsal, ventral, temporal and nasal periphery; and intermediate locations along the ventral periphery). The retina was oriented using the prominent falciform process that projects from the optic nerve head ventro-nasally.
Photoreceptor outer segment absorbance was measured from 330 to 800 nm using a single-beam, wavelength scanning microspectrophotometer (Hart 2004) . A sample scan was made from each outer segment and a baseline scan made from a tissue-free area of the preparation adjacent to the photoreceptor. A prebleach absorbance spectrum was calculated from the sample and baseline measurements. Following a 1 min full spectrum (white light) bleach of the outer segment, sample and baseline scans were repeated to obtain a postbleach spectrum that was subtracted from the prebleach spectrum to give a bleaching difference spectrum. Absorbance spectra were analysed following the procedures described previously (Hart 2002) .
A custom computer program designed (by N.S.H.) to iteratively fit mixed opsin and mixed A 1 /A 2 template models to MSP data was used to fit many absorbance curves, particularly single cones isolated from the ventronasal retina, that were not fit well by standard templates (full-width at half-maximum bandwidth wider than templates) derived for vitamin A 1 -and vitamin A 2 -based visual pigments (see below). Free parameters were: l max of the two opsins in their A 1 state; ratio of two opsins; and ratio of A 1 : A 2 . The model that gave the smallest least squares difference between the real data (running average of the raw absorbance curve) and the model (between 400 and 700 nm) was selected. All curves were fitted well with these mixed templates. However, the presence of three or more opsins in any one cone and the influence of stable photoproducts on spectral shape cannot be excluded using this approach.
One-way analysis of variance was used to compare l max values of photoreceptors from different retinal areas. Tukey HSD post hoc tests were used to identify differences among groups. Independent sample t-tests were used to compare l max values of the two outer segment members of double cones. Statistical analyses were performed using SPSS (v. 12.0, SPSS Inc., IL, USA).
(b) Measurements of background spectral light environment Spectral quality of environmental light was measured in the Laura River, Cape York, Queensland, Australia (15834 0 44.23 S; 144827 0 25.31 E), where archerfish were found, at midday on a sunny cloudless day. Spectral radiance was measured from 300 to 850 nm with a portable fibre-optic spectrometer (S2000, Ocean Optics Inc., FL, USA). The fibre diameter was 50 mm with an acceptance angle of 22.68 or approximately 0.126 steradians. Spectral radiance was recorded as relative photon counts and spectra were normalized for direct comparison of the relative contribution in different areas of the spectrum.
(c) Measuring ocular media spectral transmittance A small hole (2 mm diameter) was cut in the back of the eye, opposite the pupil and all layers from sclera to retina were removed, leaving cornea, lens and vitreous humor. Spectral transmittance was measured by projecting full spectrum light (250-850 nm; PX-2 pulsed xenon light source, Ocean Optics Inc.) with a 200 mm fibre optic through the eye and recording transmitted light on the other side with a 1000 mm fibre optic connected to a spectrometer (USB4000, Ocean Optics Inc.). Lens and cornea were also measured separately.
(d) Estimating spectral sensitivity
The corrected spectral sensitivity of each photoreceptor 'type' was calculated (see Hart & Vorobyev 2005) using the visual pigment absorbance templates of Govardovskii et al. (2000) , a specific (decadic) absorbance of 0.0125 mm 21 and a path length estimated from mean photoreceptor lengths for each cell type from each part of the retina measured onscreen during MSP. The on-axis absorbance calculated in this manner was converted to absorptance and multiplied by the spectral transmittance of the ocular media.
Retinal topography of photoreceptor and ganglion cells Enucleated eyes were fixed in 4 per cent paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 1.5 h. Retinae were dissected free of the eye cup and as much of the retinal pigment epithelium (RPE) was removed as possible without causing damage to the underlying photoreceptor layer. In all cases, it was not possible to remove RPE from an area in the ventral hemisphere (area of high cone density, see §3). To enable counting in this retinal area, the RPE was cleared by bleaching in 3 per cent hydrogen peroxide in 0.1 M phosphate buffer (pH adjusted to 11.95). Peripheral slits were cut to flatten the retina. Retinas were whole-mounted photoreceptor side upwards for photoreceptor counts. A plastic spacer of approximately 150 mm thickness was placed between slide and coverslip to maintain photoreceptor orientation and spacing. Retinas were cleared with a solution of 50 per cent glycerol and 50 per cent phosphate buffer. Coverslip and spacer were sealed to the slide with nail polish to prevent desiccation. To enable direct comparisons of photoreceptor and ganglion cell densities in the same eye, wholemounts were flipped over for ganglion cell counting (as described in Litherland & Collin 2008 ) and stained (following Oliveira et al. 2006) . Photoreceptor and ganglion cell counting was performed on a Zeiss Axioplan II compound microscope fitted with an x-y-z motorized stage (BioPrecision, LUDL Electronic Products Inc., NY, USA). A randomly assigned sampling grid was created using STEREO INVESTIGATOR 6 (MicroBrightField Inc., Vermont, USA) software, which also controlled stage movement. Counts were made at 0.5 mm intervals with a counting frame of 75 mm 2 , providing about 200 sample locations across the retina. High-frequency sampling was done in the ventral retina to delineate the areas of interest. Double/twin cones were counted as single units. Ganglion and amacrine cells were differentiated from glial cells by their cytoplasmic staining. Ganglion and amacrine cells were not differentiated, as elsewhere (Oliveira et al. 2006) , and therefore these results represent the upper limits of spatial resolving power for fish of this size of this species.
Topographic maps of cone photoreceptor and ganglion cells were created by drawing isodensity contour lines between areas with similar densities as described previously (Collin & Pettigrew 1988 ). Spatial resolving power was estimated using the equations provided in Collin & Pettigrew (1989) .
RESULTS (a) Microspectrophotometry
Spectral absorbance was measured from 303 photoreceptors sampled from several locations (see §2a) across the retinae of six archerfish (table 1). The l max values of single and double cones measured differed markedly across the retina and fit one of the three patterns (figure 1 and electronic supplementary material, figure S1) coinciding with three broad retinal areas: dorsal, ventro-temporal and ventro-nasal. Single cones and rods did not differ significantly in l max between dorsal and ventro-temporal areas (p ! 0.05 for both), but did differ significantly between both of these areas and the ventronasal area (p , 0.001 for both). Double cone l max values differed significantly among all three retinal areas (p , 0.001). The l max values of both outer segment members were significantly different from one another in the ventro-temporal area (p , 0.001) and ventronasal area (p ¼ 0.01), they did not differ in the dorsal area (p ¼ 0.063). The differences in the ventro-nasal and dorsal areas were only slightly greater than the estimated measurement error of +3 nm (table 1) . Maximum absorbance of rods ranged from 499 to 527 nm ( figure 1 and table 1 ), consistent with a change in chromophore (vitamin A 1 /A 2 ) ratio within a single opsin (Temple et al. 2008a ).
(b) Optical media transmittance The spectral transmission of light reaching the retina through the optical media (cornea, lens and vitreous figure S2 ).
(c) Comparing spectral tuning to background spectral light environment Corrected spectral absorptance of cone photoreceptors (see §2c) from the three retinal areas were normalized to the spectral radiance measured in the natural environment along the optical axes of these three retinal areas (figure 2). Upwelling spectral radiance, projecting to the dorsal retina, showed marked attenuation at short wavelengths compared with the radiance of downwelling skylight projecting onto the ventro-temporal and ventro-nasal retinal areas (figure 2). Dorsally, twin cones were closely matched to upwelling spectral radiance, while single cones were offset to shorter wavelengths. Ventro-temporally, all cone types were equally well matched/offset to the downwelling radiance of skylight, while ventro-nasally, it was the single cones that were tuned to longer wavelengths, where they matched the downwelling skylight and the twin cones were offset to longer wavelengths (figure 2).
(d) Retinal topography
Cone photoreceptor densities ranged from 5700 cells mm 22 dorsally to 51 300 cells mm 22 ventrally, and patterns of isodensity contours were consistent in all three fish. Average cone densities dorsally were approximately 16 000 cells mm 22 increasing towards the periphery. The ventral retina was characterized by an area of high density (greater than 22 500 cells mm
22
) that was aligned with the projection of Snell's window onto the retina. Within this area, there were three smaller areas of higher densities: one temporally and one nasally each with average cone densities of approximately 41 000 cells mm
; and one ventrally aligned with the preferred spitting angle, where cone densities reached greater than 50 000 cells mm 22 (figure 3). Ganglion cell density patterns were similar to that of cones (figure 3). Dorsally, ganglion cell densities averaged 5000 cells mm 22 increasing towards the periphery. The ventral retina was characterized by an area of high density (greater than 20 000 cells mm
) that was also aligned with the projection of Snell's window onto the retina. Highest ganglion cell densities were found ventrotemporally and were aligned with the preferred spitting angle. Here, ganglion cell density was greater than 50 000 cells mm 22 ; providing nearly a 1 : 1 convergence ratio with the photoreceptors (figure 3). Anatomical spatial resolving power was highest at 6.9 cycles per degree for the up-forward visual axis and lowest at 2.2 cycles per degree for downwards visual axis. for single cones (dashed lines) and double cones (solid and dotted lines) measured from three areas of the archerfish (Toxotes chatareus) retina, compared with normalized spectral radiance (grey filled curves) for the respective field of view (measured in the natural environment; Laura River, Cape York, Queensland, Australia). The lack of dotted lines in plots of dorsal and ventro-nasal areas reflects the similarity in l max values of the two outer segment members of the double cones in these retinal areas; a single line was used to reduce crowding.
DISCUSSION
visual axes, each tuned to a different spectral light environment or visual task. In the dorsal retina, archerfish possessed single and twin cones with peak spectral sensitivities at 454 nm and 570 nm, respectively. Compared with the upwelling background light environment (figure 2), this pair of visual pigments provides one matched and one offset detector, maximizing contrast of both light and dark targets approaching from below (Lythgoe 1966; McFarland & Munz 1975) . Under this scenario, dark (non-reflecting) targets will be highcontrast silhouettes to the twin cones (luminosity detectors) spectrally matched to the background, but single cones will play little role as they are relatively insensitive to the background (figure 2). Conversely, light (reflecting) targets will require output from both cell types to be compared, which is the basis of chromaticity detection. For twin cones, light targets would appear slightly brighter than the background as a result of greater intensity of downwelling to upwelling light, while for single cones, light targets will appear bright against a dark background as they reflect full spectrum downwelling light rich in short wavelengths (having travelled through less water). This pair of visual pigments, if compared in an inhibitory fashion, would be ideally suited for discriminating shades of brown (Lythgoe & Partridge 1989) , the colour of upwelling light in the mangroves and rivers where archerfish are found. Similar combinations of matched and offset pigments have been demonstrated to optimize contrast detection in numerous habitats (McFarland & Munz 1975; Lythgoe et al. 1994; Cummings 2004 ) and in all cases double cones have been found to be matched to the background. In the ventro-nasal retina, which looks up and behind, archerfish were found to possess single and twin cones at 502 nm and 620 nm, respectively. When compared with the spectral background of downwelling skylight, the single cones are well matched, suitable for detecting dark silhouettes against the bright sky, and twin cones are offset and may function to detect targets reflecting long wavelength-shifted upwelling light. The observation that single cones in the ventro-nasal retina of archerfish are matched to the spectral background is evidence against the proposal that double cones are somehow specially suited for the role of being matched to the background light environment (Loew & Lythgoe 1978) . We suggest that double cone spectral matching may be limited to dim, poorly lit, environments where the signal to noise ratio is low. In fact, several other fishes, that swim predominantly just below the water's surface, have been found to possess single cones with peak sensitivities between 490 and 510 nm (Loew & Lythgoe 1978; Britt et al. 2001; Allison et al. 2004) , which is a close match to skylight. And among those, several have been shown to possess intraretinal variability including zebrafish (Danio rerio; Takechi & Kawamura 2005) , suggesting that intraretinal variability may be common among fishes living near the water's surface.
In the ventro-temporal retina, archerfish were found to possess single cones at 453 nm and double cones with one member at 535 and the other member at 565 nm. If used for chromatic discrimination, this part of the retina would provide archerfish with trichromatic colour vision in the visual axis used for detecting prey items against a background of overhanging foliage, much like the human trichromatic visual system (blue ¼ 420 nm; green ¼ 533 nm; and red ¼ 564 nm), which is thought to be adapted to the same task (Osorio & Vorobyev 1996) .
Despite the fact that nearly every species with multiple visual pigments, that has been tested behaviourally, has been found to possess the capacity for colour vision, there remains resistance to presuming that a species with multiple cone pigments possesses colour vision (Kelber et al. 2003) . For many fishes, this problem is exacerbated by uncertainty about the role of double cones in colour vision (Douglas & Hawryshyn 1990; Northmore et al. 2007) . Double cones are thought to act as luminosity detectors (Yoshizawa 1994; Osorio & Vorobyev 2005) , and when tuned to the background are proposed to improve spatial resolution of movement detection (Lyall 1957; Wagner 1990 ), though they are also proposed to play a role in polarization sensitivity (Cameron & Pugh 1991; Hawryshyn 2000) . While most fishes possess double cones, few have been tested behaviourally for the possession of colour vision and, of those, the goldfish (Carassius auratus) is the most well established model. It is thought that goldfish use UV, short-, middle-and long-wavelength sensitive single cones to mediate colour vision (Neumeyer 2003) but not their double cones. However, recent evidence from our laboratory has found behavioural evidence for trichromacy in a fish with only one single cone sensitive to Specializations of archerfish eyes S. Temple et al. 2611 short wavelengths and a double cone sensitive to middleand long-wavelengths (Pignatelli et al. 2010) .
The proximate cause of intraretinal differential spectral tuning in archerfish is a combination of changes in visual pigment chromophore (vitamin A 1 /A 2 ) ratio and differential opsin expression. Although opsin sequences and in situ hybridization are currently not available, we have two lines of evidence to support changes in A 1 /A 2 ratio and differential opsin expression. Firstly, the l max of rods varied from 499 to 527 nm, which fits models predicting the shift in l max expected for a change in chromophore ratio combined with a single opsin. Both members of the double cone in the ventro-nasal retina had l max values in excess of 575 nm, only possible with A 2 -based visual pigments (reviewed in Temple et al. 2008a) . Secondly, we were unable to fit template curves (A 1 , A 2 or mixed A 1 and A 2 ) to many absorbance spectra particularly those of single cones from the ventro-nasal retina. Using our custom-designed computer program, we were able to iteratively fit these curves with mixed templates that included a variable ratio of A 1 /A 2 and two different opsins. A molecular approach is underway to determine the number of opsins and their subtypes expressed in T. chatareus. It will be interesting to compare the archerfish opsin repertoire to that of Anableps anableps, another fish that lives at, and sees through, the interface between air and water, and that was recently found to express 10 retinal opsins (Owens et al. 2009 ).
(b) Spatial resolving power Spatial resolving power (6.9 cycles per degree) in archerfish is among the highest reported for freshwater fishes (Douglas & Hawryshyn 1990 ) and is comparable to that found in some terrestrial animals (6 cycles per degree in rabbit and rhinoceros; 7 cycles per degree in agouti (table 1 in Pettigrew & Manger 2008) ). Cone and ganglion cell densities were highest in ventro-temporal retina, where a convergence ratio of 1 : 1 was revealed, as occurs in human fovea. Using frame grabs from highdefinition video recordings and close-up still images of eyes during spitting, we found that this area was aligned with the image of the target when spitting. An alignment that persist across most spitting angles as archerfish eyes rotate in the orbit such that the angle relative to the target remains constant despite dramatic changes in body angle (Timmermans & Souren 2004; Segev et al. 2007) . Visual resolution in the ventro-temporal retina would allow archerfish to resolve two objects separated by 2 mm at a distance of 550 mm (moderate spitting distance for a 10 cm archerfish).
Two additional areas of high cone density were found in the ventral retina, one temporally and one ventrally. These were aligned with the edges of the projected image of Snell's window onto the retina. Higher spatial resolution in these areas provides compensation for increased compression of aerial images occurring at the borders of Snell's window. The fish would also be able to align the temporal area with the mouth axis, making it functional in the final approach of downed and aquatic prey.
In general, the order of magnitude of higher cone density in the ventral retina matches not only the greater distances over which vision is useful in air versus water, but also matches the decreased need for increased photon catch in the ventral retina that necessarily receives images of much greater intensity.
Compared with previous reports, our measure of highest ganglion cell density is an order of magnitude greater (Lü ling 1956; Segev et al. 2007) , which can be accounted for by our efforts to maintain retinal integrity out to the periphery where densities were highest, and our use of bleaching to clear the retinal pigment epithelium, which otherwise obviates cell counting in the ventral periphery.
CONCLUSIONS
Archerfish were found to have intraretinal variability in visual pigments; a phenomenon that evidence would suggest is widespread among vertebrates (Denton et al. 1971; Reuter 1972; Huang 1989; Bowmaker 1991; Szel et al. 1996; Helvik et al. 2001; Takechi & Kawamura 2005; Temple et al. 2006) . The implications of differential visual pigment use across the retina of this and other fishes are relevant to studies that have predicted spectral sensitivity of the eye as a whole based on MSP data that may have been collected from limited areas within the retina. Intraretinal differences in visual pigments may account for differences in reported spectral sensitivities of various fishes.
What remains to be tested in archerfish, and other species with intraretinal differences in visual pigments, is precisely how this phenomenon affects spectral sensitivity and hue discrimination in different visual axes. For this, archerfish are an excellent model as they are easily trained to spit at coloured targets under operant conditioning paradigms, and experiments are underway to address this question.
All procedures were approved by The University of Queensland Animal Ethics Committee (AEC no. SBMS/541/08).
